A B S T R A C T Boronate affinity chromatography and ion exchange chromatography were used to measure the levels of glycosylated hemoglobins in normal and diabetic hemolysates, as well as the distribution of glucose adducts on a-NH2-valine and e-NH-lysine residues.
When analyzed by ion exchange chromatography This study has revealed several pitfalls in the analysis of nonenzymatically glycosylated proteins. Peaks isolated by ion exchange chromatography or electrophoresis are likely to be contaminated by nonglycosylated proteins. Furthermore, both the thiobarbituric INTRODUCTION Many proteins undergo nonenzymatic glycosylation when exposed to monosaccharides. The aldehyde or ketone function of the sugar condenses with amino groups to form a Schiff base linkage, which can slowly undergo an Amadori rearrangement to the more stable ketoamine (1) (2) (3) (4) . This posttranslational modification has been encountered in a wide variety of tissues and may be responsible for certain long-term complications of diabetes mellitus (5, 6) . Among the various proteins that are known to undergo nonenzymatic glycosylation in vivo, human hemoglobin (Hb)' has been the most thoroughly investigated (1) (2) (3) (4) (5) (6) . Measurement of glycosylated Hb has been useful in assessing diabetic control (7) (8) (9) (10) (11) (12) (13) . Furthermore, Hb may be considered a model protein that has provided insights into nonenzymatic glycosylation in other more complex tissues (5, 6) . Hb Al, is the most abundant minor Hb component in human erythrocytes. According to estimates based primarily on ion exchange chromatography, Hb Al, comprises 4-6% of Hb in normal erythrocytes and is elevated approximately twofold in diabetics (5) (6) (7) (8) (9) (10) (11) (12) (13) (14) .
There is convincing structural evidence that Hb Al, differs from the major component Hb Ao by the attachment of glucose to the NH2-terminus of the ,Bchains by means of a ketoamine linkage (1) (2) (3) (4) . In addition, a small proportion of Hb Ao, which we previously estimated to be 8% (15, 16) , is also glycosylated at one of several sites including the N-terminus of the ' 
METHODS
Human hemolysate was prepared from freshly drawn blood of normal and diabetic donors. Before any chromatography step the hemolysates were saturated with CO and dialyzed vs. the appropriate buffer for at least 6 h at 40C, to allow the dissociation of the labile aldimine-linked glucose (20) (21) (22) .
Ion exchange chromatography. Lysates (20-100 mg) were applied to a column (0.9 X 18 cm) of BioRex 70 (BioRad Laboratories, Richmond, CA) cation exchange resin, prepared and developed with phosphate buffers and a linear NaCl gradient as described (14) . A larger (5 (Table III and Fig. 4) . The specific radioactivities of the dialyzed Hb fractions ranged from 0.8 X 101 dpm/mmol tetramer for the unfractionated Hb sample, to 26.9 X 10'O dpm/ mmol tetramer for Hb Al,. Because of nonspecific uptake of [3H]NaBH4, the specific radioactivities of the amino acids were 47-65% that of the Hb before hydrolysis. Of the seven samples that were applied to Affi-Gel 601 (Fig. 4) the recovery of radioactivity was 89-99%, of which 62-76% was associated with the bound (glycosylated) amino acids (Table III) . The specific radioactivities for glycosylated amino acids from purified Hb Al, were higher than the corresponding values for glycosylated Hb AO. The glycosylated amino acids were analyzed by cation exchange chromatography to quantify the 3H-radioactivity due to glucitol-valine and glucitol-lysine ( Fig. 5 and Table IV ). For the glycosylated amino acids obtained from Glyco-Hb Ao the major glucitol-lysine fraction eluted with a peak at fraction 95, with a minor fraction at tube 115. Synthetic glucitol-lysine elutes as one symmetrical peak at fraction 95. The dual peak for glucitol-lysine has been regularly observed in our laboratory and may be the result of dehydration reactions of lysino-l-deoxysorbitol (glucitol-lysine) brought about by acid hydrolysis. Consistent with the glucitol-lysine. In contrast, glycosylated Hb Ao contained 6.6 times more glucitol-lysine than glucitol-valine (Table IV) .
Glycosylated Hemoglobins
The a and #3-chains of 3H-reduced Glyco Hb Ao and Hb A,, were separated on carboxymethyl cellulose (Table V) . About 90% of the 3H-radioactivity in Hb Al, was associated with the 13-chains. In contrast, the a-and 1-chains of Glyco Hb Ao had approximately equal radioactivity. The amino acids from the a-and 13-chains of Hb A1c and Glyco-Hb Ao were then subjected to Affi-Gel 601 boronic acid affinity chromatography. Of the radioactivity applied, 95-100% was recovered, and 77±11% was bound. When these glycosylated amino acids were analyzed by Durrum DC-6A cation exchange chromatography, the 13-chains of Hb A1c had a glucitol-valine:glucitol-lysine ratio of 12 (Table IV) . In contrast, the 1-chains from Glyco-Hb Ao had a glucitol-valine:glucitol-lysine ratio of 0.07. The glucitol-valine in the Ub A0 matography. The applied hydrolysate contained 2.6 X 106 dpm and corresponded to 1.14 mg Hb Al,. The recovered radioactivity was 2.5 X 106 dpm, which represents a 96% recovery. Of the recovered dpm, 76% was in the glycosylated amino acid peak, which was eluted after the addition of 0.1 N HCL. diabetics as well as the distribution of glucose on a-NH2-valine and e-NH2-lysine residues (Table VI) . (27, 28) , alcoholics (29, 30) and in some individuals with lead intoxication (31 The glycosylated Hb were subjected to acid hydrolysis followed by Affi-Gel 601 boronic acid affinity chromatography. The glycosylated amino acids from Affi-Gel 601 (Table  III) were subjected to cation exchange chromatography on Durrum DC-6A cation exchange resin. The glycosylated amino acids subjected to cation exchange chromatography were from experiment 2 as indicated in Table II. atively low and may contribute to the failure of some clinical surveys to find a significant correlation between patients' level of Hb A,, and their degree of diabetic control (32) (33) (34) . Therefore, the clinical utility of this measurement would be considerably enhanced if the methods used were specific for Hb A,,.
When corrected for these nonglycosylated contaminants, the amount of Hb Alc in normal hemolysates is -2.9%, a value considerably lower than estimates from a large number of laboratories (7) (8) (9) (10) (11) (32) (33) (34) Tables II and III. 1070 These values were calculated from data in Tables I and IV. 36) it should have relatively more glycosylation at these sites than Hb Ao. Table III , the specific activity of purified Hb Al,, was about twice that of purified Glyco-Hb A0 even though both proteins would be expected to have 1 mol of ketoamine linkage per aBdimer. It is likely that the valine-linked ketoamine is more readily reduced by borohydride than the lysinelinked ketoamine. This difference may be overcome if larger concentrations of borohydride were used along with longer incubations but these steps would greatly enhance nonspecific uptake of label.
The TBA calorimetric test. This test provides a convenient way to detect the ketoamine linkage (23) . However, other substances in the test sample may contribute to nonspecific color development. Furthermore, our analyses show that the color yield from ketoamine linked glucose depends markedly upon the site of attachment. a-NH2 valine-linked glucose produced about eight times as much color as E-NH2 lysinelinked glucose. This conclusion is supported by previous indirect evidence (15) . Since the bulk of nonenzymatic glycosylation of proteins other than Hb is on lysine residues, the lower color yield will greatly limit the sensitivity and the utility of this colorimetric test.
The approaches used here to characterize glycosylated Hb can be extended to the analysis of nonenzymatic glycosylation of other tissues, in the attempt to ascertain whether this posttranslational modification contributes to diabetic complications.
